Objective-To characterize the serum metabolome of a primate model of in utero high fat exposure.
INTRODUCTION
The current global health epidemic of obesity is considered a major contributor to the increasing prevalence of Type II diabetes, as well as atherosclerotic, cardiovascular, and hypertensive morbidity and mortality. [1] [2] [3] [4] [5] [6] In association with this rise in adult obesity throughout the developed and developing world, there is occurring a disproportionate earlier onset of obesity among children (infants to adolescents). [7] [8] [9] Given such anticipation (e.g., tendency of disease to appear at an earlier age of onset and with increasing severity in successive generations), the increased prevalence of childhood obesity cannot be attributed to either environment or genetics alone.
According to Barker's fetal origins of adult disease hypothesis, perturbations in the gestational milieu influence the development of diseases later in life. 10, 11 This supposition gains support from epidemiologic studies [10] [11] [12] as well as animal models of nutritional constraint [13] [14] [15] and uteroplacental insufficiency-induced intrauterine growth restriction (IUGR). [16] [17] [18] These outcomes have been suggested to occur through the static reprogramming of gene expression via alterations in chromatin structure (epigenetic regulation). We and others have previously demonstrated that uteroplacental insufficiency and IUGR in the rat results in covalent modifications of chromatin structure [16] [17] [18] or changes in DNA methylation patterns [13] [14] [15] which leads to persistent changes in postnatal gene expression. In our initial studies establishing our non-human primate model of maternal high fat diet exposure in utero , 19 we demonstrated that a maternal high fat/caloric dense diet altered fetal hepatic chromatin structure and lead to alterations in fetal and postnatal gene expression. 20 These observations supported our hypothesis that a high fat maternal diet leading to obesity modifies the gestational milieu and profoundly influences the postnatal and fetal phenotype in association with fetal histone [H3] covalent modifications. These results lead us to question whether these fetal epigenetic modifications translate into meaningful alterations in the fetal and neonatal metabolome.
The metabolome is broadly defined as the complete set of the small molecules that contribute to metabolism. 21, 22 Metabolomics has emerged over the past near decade as the third major path of functional genomics, alongside its related "omics" of mRNA profiling (transcriptomics) and proteomics. It is a comparative analysis describing metabolic responses of living systems to pathophysiologic stimuli, genetic, or epigenetic modification. 22 Comprehensive analyses of the metabolome in a biologic system occurs by the combined use of analytical methods and multivariate statistical analyses: metabolic fingerprints are acquired with an analytical platform (i.e., gas or liquid chromatography with mass spectroscopy), processed with multivariate analyses to allow for data visualization and discrimination (i.e., principal component analysis (PCA) and partial least squares discriminate analysis (PLS-DA)). The mass spectrum is used to determine the identity of discriminate metabolites by automated comparison to known metabolites in a databases. 22 The synergistic integration of the metabolome with altered gene expression profiling allows for a comprehensive overview of living systems biology.
As metabolomics is unique from other "omics" in its capacity to efficiently decipher systems biology as a reflection of its close proximity to phenotype, we sought to employ its use in order to establish the maternal and fetal metabolic profile under conditions of a high fat maternal diet. With respect to the maternal phenotypic profile, we have previously described 19, 20 that over time (e.g., 3 to 5 years) two distinct maternal phenotypes become apparent among our dams. These dams can be considered as sensitive (HFD-S) or resistant (HFD-R) to our high fat diet. HFD-S dams display a unique metabolic phenotype in both the non-pregnant and pregnant state. 19 By the 4th year on the high fat diet, the HFD-S group demonstrates a >35% increase in body weight, >3-fold increase in insulin AUC (area under the curve) in response to a glucose tolerance test, >5-fold increase in leptin levels (leptin/body weight ratio) and a near doubling in body fat. 19 However, fasting glucose levels do not significantly differ in either the HFD-S or HFD-R groups despite a significant alterations (control, 2.53 +/− 0.50; HFD-R, 2.81 +/−0.70; HFD-S, 7.87 +/−1.50; P < 0.05 for HFD-S versus control) in the homeostasis model assessment of insulin resistance (or HOMAIR, which serves as a general measure of insulin resistance in reference to basal glucose and insulin). By comparison, HFD-R animals retained similar body weight and metabolic phenotype as the controls throughout the entire 4 years.
With respect to the fetus, we have similarly characterized the effect of in utero exposure to a high fat maternal diet. 19, 20 We have observed that while the maternal phenotype is relatively mild, regardless of maternal HFD-R or HFD-S status the fetus develops non-alcoholic fatty liver and displays an altered fetal hepatic epigenomic profile. Since the offspring are delivered in the early latter trimester of gestation (term being 167 days), appreciable differences in overall fetal weight are avoided. 19, 20 Of interest, we have shown that reversing the maternal diet in year 5 from high fat to control ("high fat diet reversal") bears appreciable differences on the fetal phenotype with partial reversion trending towards to control values. 19 However, it is unknown whether these phenotypic and epigonomic characteristics translate into observable alterations in the maternal and fetal metabolome. Given that we have observed significant alterations in the maternal and fetal phenotype and fetal epigenome and transcriptome following in utero exposure to a high fat maternal diet, we aimed to characterize the full spectrum of metabolite differences in our model system.
Leveraging these collective observations, we set out to first study the serum metabolome of HFD-R and HFD-S dams and to test if these observed phenotypes were transferred in utero to the developing fetus. We then characterized the fetal metabolome from dams fed control, high fat diet, or high fat diet reversal. We hypothesized that this approach would not only decipher the fetal and maternal serum metabolome under maternal high fat diet conditions leading to maternal obesity, but would potentially identify candidate biomarker(s) associated with the development of obesity.
MATERIALS AND METHODS
Non-human primate model of maternal high fat diet exposure Our model is described in detail elsewhere. 19, 20 Briefly, all animal procedures were in accordance with the guidelines of Institutional Animal Care and Use Committee of the Oregon National Primate Research Center (ONPRC). Age and weight matched young (5-6 years of age at the start of the studies) adult female Japanese macaques were socially housed in indoor/ outdoor enclosures in groups of 5-9 with 1-2 males per group. Animals were separated into two groups: The control group was fed standard monkey chow that provides 14% of calories from fat (Monkey Diet #5052, Lab Diet, Richmond, IN, USA) and the high fat diet group was fed a diet that supplied 32% of calories from fat (Custom Diet 5A1F, Test Diet) and included calorically dense treats. 19, 20 Both diets are sufficient in vitamin, mineral and protein content for normal growth. Prior to this study all animals were maintained on standard monkey chow in large outdoor enclosures and were naive to any experimental protocols. During the fifth year, a cohort of HF diet fed animals were switched back to the standard monkey chow specifically during the breeding/pregnancy season ("diet reversal").
Dams were allowed to breed naturally. Both groups consisted of primiparous and multiparous gravidae and all pregnancies were singleton. Pregnancies were terminated by cesarean delivery, performed by ONPRC veterinarians, at gestational day 130 by sonographic fetal biometry. For the experiments involving postnatal (e.g., "juvenile") offspring, the pregnancies were allowed to progress to term and vaginal birth occurred and offspring were subsequently maintained on the maternal diet after weaning.
Immediately after cesarean delivery or at the time of sacrifice, the fetuses/juvenile animals where delivered to necropsy where they were weighed and measured. The fetuses were deeply anesthetized with sodium pentobarbital (>30 mg/kg, iv) and then exsanguinated for attainment of serum and necropsy tissue. For metabolomic profiling, we studied serum samples from 47 dams and 40 fetuses collected in heparinized capillary tubes from the fetal aorta and centrifuged at 2,400 r.p.m. All samples were flash frozen and stored at −80°C in aliquots such that freezethawing was minimized.
Metabolite profiling
Protein removal from serum samples was performed using the method of Jiye et. al 23 with the addition of 20 uniformly labeled stable isotope amino acids of known concentration as an internal standard.
To ensure metabolite volatility each sample underwent a two step derivatization process. The dried extracts were suspended in 50 µL of pyridine containing 20 mg/ml Omethylhydroxylamine hydrochloride, sonicated for five minutes then incubated at 60°C for 30 minutes. This was followed by the addition of 50 µl MSTFA +1% TMCS (Pierce, Rockford IL) and incubated at 37°C for thirty minutes. A retention index standard mixture consisting of fatty acid methyl esters was added and each sample immediately analyzed.
All samples were analyzed in a random order by gas chromatography-mass spectrometry. Using an autosampler 1 µL of each sample was injected into an Agilent 6890 gas chromatograph (Agilent, Santa Clara CA). The injector was set to a 2:1 split ratio and the temperature was held at 220°C. A 30 m Rtx-5MS with Integra guard column (Restek, Bellefonte, PA) was employed for separation. Helium was used as the carrier gas at a 1 mL/ min flow rate. The transfer line into the mass spectrometer was held at 250°C. The temperature program was as follows, an initial 2 minute hold at 70°C, followed by an 8°C/minute ramp to 250°C then a second 20°C/minute ramp to 330°C which was held for 2 minutes. A MicroMass GCT Premier (Waters, Beverly, MA) was used for mass spectrometric analysis. Normal electron impact ionization conditions were used. Data was recorded using MassLynx (Waters, Beverly MA).
Model development and metabolite identification
Chromatographic peak detection and area analysis for each chromatogram was performed using MarkerLynx (Waters). To find possible variation in each sample group the data was transferred to SIMCA-P ver.12.0 (Umetrics, Kinnelon, NJ) where principle component analysis (PCA) and partial least squares-discriminate analysis (PLS-DA) was performed. This produced a possible list of metabolites that had changed due to diet or sensitivity to high fat diet. Each metabolite from this list was investigated further by extracting the area under the chromatographic curve and analyzing it using ANOVA and comparative t-tests. Metabolites were identified either using an in-house data base or the NIST MS Search 2.0. Unknown (un) metabolites were identified using their retention index (ri) and characteristic mass to charge ratio (m/z) in the following format un(ri_m/z).
Statistical analysis
Partial least squares-discriminate analysis (PLS-DA) was performed using SIMCA-P (Umetrics). This multivariate statistical analysis technique is similar to principle component analysis with the addition of a second data matrix identifying specific classes, thus it is a supervised method when compared to PCA which is unsupervised. ANOVA and comparative t-tests were performed for each metabolite using the JMP 7.0 statistics package (SAS). Excel (Microsoft, Redmond, WA) was used for spread sheet development and simple statistics.
RESULTS
Analytical analysis and chromatographic data deconvolution produced over 1300 chromatographic features. Through multivariate statistical analysis this number was reduced to 60 possible metabolites that contributed to PLS-DA model development. Integration of the chromatographic area of these individual metabolite peaks followed by statistical analysis produced 22 metabolites that had statistical significance (p<0.05) over the whole of the study.
Maternal Metabolic Profiles
Our first study aim was to characterize the metabolomic footprint from dams fed a 13% fat by calories (control) diet and a 35% fat by calories (high fat; HF) diet. Chromatographic data from six control and eight HF-diet animals was processed to give the initial principal components analysis (PCA) plot (not shown). To thereafter quantitate and identify metabolite changes a partial least squares-discriminate analysis (PLS-DA) was performed ( Figure 1A ). The loadings plot from this model was used to find chromatographic features which differ between the control and HF animals. We found ten metabolites that differed significantly (p <0.05) between control and HF animals ( Table I) .
As anticipated by virtue of their progression to obesity on the maternal HF diet, cholesterol levels were elevated 1.5 fold higher in high fat fed dams relative to those on control diet, while no significant differences could be detected in the levels of palmitic, stearic, lauric, oleic and elaidic free fatty acids; higher lipid species are not detectable using our GC-MS methods. We similarly observed elevated level of two primary constituent of the vitamin E complex: α-tocopherol and γ-tocopherol in the HFD dams. This is consistent with obesity physiology in response to a high fat diet as these lipid soluble compounds act as antioxidants, protecting the cell membrane by reacting with lipid radicals 24 or triggering intracellular signaling cascades. 25 Glycine, aminomalonic acid and four unknowns, un(2252_203), un(2281_131), un (2298_144 and un(2682_116) were also elevated in the HFD dams, while citric acid was decreased.
Based on the previously described phenotypic differences, we sought to compare the maternal sensitive (i.e., obese and insulin resistant; n=4) and resistant (i.e., non-obese and insulin sensitive; n=4) metabolomic profiles ( Figure 1B) . Using a combination of PLS-DA and standard statistical analysis from the previously identified metabolites HFD-S animals contributed the bulk of change between HFD and control animals. Eleven metabolites were significantly altered as shown in Table I .. Nine of these metabolites are shared between the HFD versus control data set and two additional unknowns were also found. The fat soluble metabolites cholesterol, α-tocopherol and γ-tocopherol are increased in the HFD-S versus the control animals. Significant metabolite alterations as aminomalonic acid, citric acid and six unknowns; un(2252_203), un(2281_131), un(2298_144), un(2682_116), un(823_200), and un (1346_104). Only cholesterol (Table IC) was found to be significant in the HFD-R animals versus the control.
Fetal Metabolic Profiles
Our second objective was to characterize the fetal serum metabolome in order to determine its association to both maternal diet and phenotype. A PLS-DA scatter plot was generated comparing fetal serum from high fat diet fed dams (n=16) versus those on control diet (n 6; Figure 2A ). Eight metabolites were found to have changed in control versus HFD exposed offspring (Table II) , with cholesterol and α-tocopherol being found in both maternal and fetal serum but with inverse concentration profiles (i.e., lower fetal cholesterol under maternal high fat diet conditions). Of note, our findings have been similarly observed with attained maternal and fetal serum cholesterol values as measured in conventional clinical assays in a limited cohort (n=4 control versus n=5 HF diet; maternal mean serum cholesterol 81±5 vs 118±17 mg/ dL, p=0.002; fetal 73±10 vs 63±7, p=0.143; Dr. Dan Marks, unpublished observations). Also interesting was the 8 fold decrease of ascorbic acid in HFD fetal serum when compared to control (p=0.0069). It has been proposed that ascorbic acid acts as part of the antioxidant network in which vitamin E participates. 24 As an initial step in our effort to differentiate the effects of maternal obesity versus high fat diet exposure on the fetal metabolome, we characterized fetal serum profiles among a subgroup of dams whose high fat diet was reverted to control (reversal) in year 5 (e.g., control diet in an obese maternal environment). We used a PLS-DA scatter plot ( Figure 2B ) and the underlying loading profile to separate both maternal diet and obesity (i.e., horizontal plot groupings among HFD and reversal offspring distinct from control offspring). Metabolites from the loadings plot that contributed to this model were further analyzed and are detailed in Table II .. Fetal profiles could not be significantly distinguished by virtue of maternal diet (e.g., HFD relative to reversal) but could by virtue of maternal obesity (e.g., diet reversal relative to control) for all metabolites except cholesterol.
As a second step in differentiating the effects of maternal obesity versus high fat diet exposure on the fetal metabolome, we again stratified our analysis by virtue of maternal HFD sensitivity ( Figure 2C ). Six metabolites were found to be significantly altered in the HFD-S serum versus control, cholesterol, α-tocopherol, hypoxanthine, myo-inositol, un(698_103, and un (2298_144). When HFD-R is compared to control diet serum only α-tocopherol was found to be significantly altered. Three fetal metabolites were found to be significantly elevated when comparing HFD-S to HFD-R: hypoxanthine, myo-inositol and un(2298_144).
It bears mention that 3-hydroxybutyrate (initially identified as unknown 922_605 and later confirmed to be 3-hydroxybutyrate by mass spectrometry of purchased standard is unique among the significantly distinct fetal metabolites by virtue of its elevations in association with maternal obesity (Figure 3) . Thus, fetal levels of 3-hydroxybutyrate can be distinguished with a maternal HFD and obesity (HFD versus control 2.3 fold, p=0.006) or obesity alone (reversal versus control 2.8 fold, p=0.004). In contrast, fetal levels are not distinguished in maternal HFD relative to reversal conditions (0.82 fold, p=0.33).
COMMENT
Maternal obesity is thought to increase a child's risk of juvenile obesity and metabolic diseases; however the mechanism(s) whereby excess maternal nutrition impacts fetal development remains poorly understood. According to the developmental origins of adult disease hypothesis, perturbations in the gestational milieu influence the development of diseases later in life through the static reprogramming of genes. Phenotypic characterization in our primate model strongly implicate in utero exposure to excess maternal lipids during early and mid fetal development as an independent risk factor for the development of non-alcoholic fatty liver disease (NAFLD) and metabolic diseases during postnatal life as evidenced by alterations in the epigenome and transcriptome. 19, 20 Whether these epigenomic alterations would parlay into meaningful alterations in the fetal functional genome (e.g., the fetal metabolome) had not yet been addressed.
To begin to address this issue, we used a nonhuman primate model to determine the effect of chronic maternal consumption of a high fat/high calorie diet on the development of metabolic systems in the fetal offspring. We have previously demonstrated that only a portion of the adult female monkeys chronically consuming a high fat diet become obese and insulin resistant. 19 However, irrespective of maternal obesity and insulin resistance, all fetal offspring of dams fed a high fat diet demonstrated clinically and histologically evident NAFLD, including hepatic inflammation, oxidative stress/damage, triglyceride accumulation and premature gluconeogenic gene activation. 19 In this study we have extended our phenotypic and fetal epigenomic characterization with metabolomic analysis of maternal and fetal serum. Altered serum concentrations of cholesterol, members of the vitamin E tocopherol complex, glycine, aminomalonic acid, citric acid and three unknowns was found between HFD versus control maternal serum. Associated increases in maternal cholesterol are most likely attributable to the high fat diet itself as elevations were observed among both HFD-R and HFD-S dams ( Figure  1 , Table I ). By contrast, α and γ-tocopherol were not associated with HFD diet fed dams with the resistant phenotype, suggestive of a reduced ability to metabolize fats in the HFD-S animals that results in the observed phenotype. Vitamin E lipid soluble compounds also act as antioxidants, protecting the cell membrane by reacting with lipid radicals 24 or triggering intracellular signaling cascades. 25 The inability of HFD-S animals to metabolize this compound could be suggestive of the inability of these animals to cope with oxidative stress.
In order to question the effects of maternal obesity and high fat diet exposure in utero, we characterized the effects of diet, maternal sensitivity to high fat diet, and diet reversal with persistent obesity on the fetal metabolic serum profile. When we extended our metabolic profiling of fetal serum to include offspring from animals reverted to a control diet after 4 years (DR cohort; Table II ) we observed that associated fetal profiles could not be significantly distinguished by virtue of maternal diet (e.g, HFD relative to DR), but could be by virtue of maternal obesity (e.g., DR relative to control) for all metabolites except cholesterol (Table II) .
The observed decrease in HFD animals of three metabolites that are involved in oxidative stress (2-hydroxybutyrate, ascorbic acid and α-tocopherol) with concomitant increase in the gluconeogenic metabolite 3-hydroxybutyrate deserves further comment. The HFD serum metabolomic phenotype of lowered antioxidant levels and the increased metabolite 3-hydroxybutyrate persists in the fetal metabolome even after diet reversal occurs. This is of particular interest, as other investigators have demonstrated in obese children that as insulin and insulin resistance increases, plasma levels of non-esterified fatty acids and 3-hydroxybutrate decrease. 26 However, in biopsy-proven NAFLD adult subjects with confirmed peripheral insulin resistance, plasma 3-hydroxybutrate levels increase in concert with hypertriglyceridemia independent of BMI. 27 Based on these observations and others, it has been proposed that NAFLD may result from increased delivery of circulating lipids to the liver secondary to insulin functioning as an antilipolytic agent in adipose tissue. Within the liver, non-esterified fatty acids are then oxidized and re-esterified and circulate as triglyceride lipoproteins. Since this drives a shift in energy metabolism toward fatty acid β-oxidation and ketogenesis, the liver retains excessive lipids and steatosis (NAFLD) ensues. These findings are consistent with our findings in the fetal metabolomic profile, as we similarly observe NAFLD with elevated plasma 3-hydroxybutyrate both by virtue of maternal diet and phenotype (Table II) . Taken together, we speculate that our model serves as the first evidence that in primate fetal life maternal obesity and in utero high fat diet exposure associate with elevations in 3-hydroxybutyrate which may serve as a marker for a correlation between fetal lipid oxidation, hypertriglyceridemia, and NAFLD. If this were to hold true in human studies, this serum marker could be used to screen for NAFLD and disposition towards obesity.
We similarly find the inverse correlation of cholesterol (elevated in obese dams but diminished in the fetus) to be of further interest. Consistent with an association of an altered fetal metabolome with maternal HFD intake as well as obese phenotype, we again observed significant differences among offspring of HFD-R versus HFD-S dams (Figure 2 , Table III) . We speculate that fetal hypocholesterolemia relative to maternal hypercholesterolemia may result from three possible (and non-mutually exclusive) mechanisms. First, it is possible that there is altered deposition in the fetus. Ergo circulating fetal cholesterol could be less but deposition could be increased. Others have previously observed that maternal hypercholesterolemia is associated with accelerated fetal plaque formation 26 and we have observed fetal NAFLD, both supporting such a mechanism. 19, 20 Second, it is possible that maternal hypercholesterolemia alters placental lipid and cholesterol metabolism to decrease fetal de novo synthesis resulting in relatively decreased circulating fetal levels. Our observations pertaining to significantly decreased fetal cholesterol levels preferentially in HFD-S dams (Table III) supports this notion. Finally, it is possible that the maternal high fat diet and obesity differentially alter fetal de novo synthesis of both lipid and oxidative stress pathways. Such a "developmental plasticity" model gains support from others observations in animal models as well as human studies. [24] [25] [26] [27] [28] Further consistent with such a "developmental plasticity" model, the observed absence of ascorbic acid in both high fat and diet reversal cohorts is indicative of persistent oxidative stress (Table II) .
The strengths of our study our multifold. We have utilized high throughput discovery "functional genomics" and characterized the metabolomic profile of maternal and fetal serum under conditions of a high fat maternal diet leading to obesity in non human primates. Our model system has advantages over other animal models on the developmental origins of human disease in so much as we utilize primates rather than phylogenetically dissimilar litter mate mammals. By stratification with respect to maternal diet sensitivity and diet reversal we are able to distinguish effects of diet from the obese maternal environment. Thus our insights are well characterized and representative of human development.
There are inherent limitations to primate research. First, the time and expense in establishing such a model system prohibits large numbers of animals and may limit statistically significant discovery. Second, as with humans, the animals behavioral and social hierarchy may confound our findings. Third, monitoring of metabolic parameters is restrictive relative to other model systems. Thus we cannot provide a longitudinal analysis as we cannot support a significant cohort of fetuses over time.
The maternal and fetal serum metabolomic profiling presented herein gives further insight into our complex biologic model. Moreover, since the fetal metabolome is proximal to the fetal phenotype our observations lend support to our prior findings on the effects of maternal high fat diet exposure on the fetal epigenome. Taken together, these data suggest that high fat diet exposure as well as maternal obese phenotype alters the fetal epigenome to result in functional transcriptome and metabolome variations. Further ongoing characterization of our unique model will provide insight and understanding of the role maternal diet and obesity play in fetal metabolism. (A-B). PLS-DA scatter plots of serum from dams maintained for two to three years on either the high fat (HFD) or control (con) diet ( Figure 1A , upper panel) with mean differences as quantitated by bar graphs (lower panel). In accordance with their phenotype as previously described, 19 PLS-DA analysis of serum metabolites from high fat diet animals was stratified into either high fat resistant (HFD-R) or sensitive (HFD-S) ( Figure 1B) . The loadings plot from these graphs was used to effectively search for metabolites that contribute to differences between groups based on mass spectrometry. Those metabolites achieving significance are as summarized in Table I . (A-C). PLS-DA scatter plot of fetal serum from dams fed a high fat diet versus fetal serum from dams fed a control diet (Figure2A). PLS-DA scatter plot of fetal serum from dams fed a high fat and who were either HFD-S or HFD-R (see text, Figure 2B ). PLS-DA scatter plot of fetal serum whose dam where fed a high fat, diet reversal or control diet ( Figure 2C ). The loadings plot from these graphs was used to identify metabolites that contribute to differences between groups based on mass spectrometry. Those metabolites achieving significance are as summarized in Table II and Table III . Identification of "un(922_165)" as 3-hydroxybutyrate. We found unknown compound of 922_165 to be of particular interest. Subsequent analysis by mass spectrometry against known metabolic libraries identified it as 3-hydroxybutyrate (>97% certainty).
TABLE I
Metabolites from maternal serum that differ significantly between high fat and control diet fed animals. The high fat diet fed dams are further stratified by sensitivity to the diet (e.g., develop obesity) and resistance to the diet (e.g., do not develop obesity despite multiple years of feeding). Control n=6; HFD=8 Analysis of maternal metabolites contributing to the PLS-DA model in Figure 1 . Significantly discrete serum metabolites by mass spectroscopy are as listed and correspond to the mass spectra data as presented in Figure 1 . 
TABLE II
Analysis of fetal metabolites contributing to the PLS-DA model in Figure 2 . Control n=7; HFD n=15; Reversal n=6 Analysis of fetal metabolites contributing to the PLS-DA model in Figure 2 stratified by in utero diet exposure and maternal phenotype. Significantly discrete serum metabolites by mass spectroscopy are as listed and correspond to the mass spectra data as presented in Figure 2 . Figure 2 stratified by maternal phenotype. Significantly discrete serum metabolites by mass spectroscopy are as listed and correspond to the mass spectra data as presented in Figure 2 . 
